Burkholderia gladioli, Ralstonia pickettii, Achromobacter sp., Pseudomonas sp., Stenotrophomonas maltophilia, Flavobacterium sp., and Chryseobacterium sp. Similarly, strains of the above-mentioned species have likewise been misidentified as belonging to the Bcc species, because of their phenotypic similarity or their close relatedness (Brisse et al., 2002; Kiska et al., 1996; McMenamin et al., 2000) . This problem is exacerbated by the complex diversity and rapidly changing taxonomy of Bcc and closely related species (LiPuma, 2005) . In general the species of Bcc are phenotypically nearly indistinguishable, as all of the Bcc species demonstrate considerable phenotypic variability, even with an extended panel of biochemical tests (Henry et al., 2001; Vandamme et al., 1997 ; Vanlaere et al., 2008a, b) . Simple alterations in carbon source can for example change the colonial morphology of Bcc species grown on agar. The ability to alter their metabolism and biochemical profile in this way make their identification by phenotypic methods alone very difficult; however, it must be noted that problems of identification of Bcc species based on phenotypic methods are multi-factorial, and not necessarily just due to growth differences on different media. Genetic methods have proven very useful for Bcc species identification. Phylogenetic comparison of the fulllength 16S rRNA gene sequence of Bcc species can distinguish all of the formally named species (Coenye and Vandamme, 2003a) . Similarly, the phylogenetic analysis of the recA gene sequence is discriminatory and can place an isolate within a named or novel Bcc species (Mahenthiralingam et al., 2000a; Payne et al., 2005) .
Abamectin (avermectin B 1 ) is a pesticide being used in agricultural grains, fruits and vegetables, as well as in ornamental crops against target insects and mites. Extensive use of abamectin has raised questions about its persistence in the environment and potential toxicity to non-target organisms (Kolar et al., 2008) . Keeping in view the importance of pesticide toxicity issues, an abamectin-degrading bacterial strain, GB-01, was isolated from contaminated soil as a potential bioremediation agent and preliminary identified as a Burkholderia cepacia-like species (Ali et al., 2010 (Ali et al., , 2012 . Keeping in view the problems hampering the identification of a Burkholderia species, the purpose of this study was to conclude the exact classification of strain GB-01, because nomenclature and identification must be based on correct classification and extensive information. There are many potential classification methods that can be applied to a species; however the classification criteria used in this study were based on the concept of a polyphasic approach, in which genotypical, phenotypical, and phylogenetical information was gathered. The hopeful outcome of this study will be a clarified taxonomic status of the strain GB-01, which will facilitate future studies on this bacterium.
Materials and Methods
Bacterial strain and culture conditions. Strain GB-01, isolated from abamectin-contaminated soils, was revived from our laboratory stock (Ali et al., 2010) . The bacterium was maintained on mineral salt medium (MSM) (1.0 g L 1 NaCl, 1.0 g L 1 NH 4 NO 3 , 1.5 g L 1 K 2 HPO 4 , 0.5 g L 1 KH 2 PO 4 , 0.1 g L 1 MgSO 4 7H 2 O and pH 7.0) agar plates supplemented with abamectin (analytical standard, purity 97.1%, Sigma Aldrich) as the sole carbon source for growth.
For genomic DNA extraction, the microorganism was cultured in liquid Luria-Bertani medium (LB) (10.0 g L 1 tryptophan, 5.0 g L 1 yeast extract, 10.0 g L 1 sodium chloride). LB medium was also used during Escherichia coli transformation or plasmid purification experiments. Ampicillin (100 µg ml 1 ) was added when necessary. All of the media were sterilized at 121 C for 25 min before use. Polymerase chain reaction (PCR) . The genomic DNA of pure strain GB-01 was extracted by the method of high-salt concentration precipitation (Miller et al., 1988) . Purity and quality of extracted DNA was checked using an Ultrospec 2100 pro spectrophotometer (Amersham Biosciences, USA).
PCR reaction was accomplished in a volume of 25 µl in a 0.5 ml thin-wall PCR tube using an Applied Biosystems 2720 Thermalcycler. The reaction mixture contained 0.1 µg of genomic DNA, 1 PCR buffer, 0.2 mM dNTP, 1.5 mM MgCl 2 , 0.6 µM forward primer, 0.6 µM reverse primer, and 0.05 U Taq polymerase (Promega, USA) per 25 µl of reaction mixture.
The partial 16S rRNA gene was amplified using the primers 27f (5 -AGA GTT TGA TCC TGG CTC AG-3 ) as forward and 1492r (5 -TAC GGT TAC CTT GTT ACG ACT T-3 ) as reverse (Lane, 1991) . The thermal cycle protocol consisted of an initial denaturing step at 95 C for 2 min, followed by 30 cycles of 94 C at 1 min, 52 C for 1 min and 72 C for 1 min, while incubation at 72 C for 10 min was the final step.
The partial recA gene was amplified using the primers described in Table 1 . The thermal cycle program included a single step at 94 C for 5 min, 35 cycles of 94 C for 45 s, the primer-specified annealing temperature (Table 1) for 1 min, 72 C for 1.5 min, and finally there was a single step at 72 C for 7 min.
PCR products were purified using BioDev s Gel Extraction System B (100), ligated into the linear vector pMD18-T (TaKaRa Biotechnology, Dalian, China), and transformed into competent E. coli DH5α cells. An automatic sequencer (Applied Biosystems, model No. 3730 ) was used to determine the gene sequence from cloned inserts. The amplified gene sequences were deposited in the GenBank database. Molecular sequence analysis. The 16S rRNA and recA gene sequence of related species, showing maximum gene homology, were obtained from National Center for Biotechnology Information (NCBI) GenBank. Multiple alignments were performed using Clustal X 1.8.3 software (Thompson et al., 1997) with default settings. The best alignment was then corrected manually. Phylogenesis was analyzed using MEGA version 5.0 software (Tamura et al., 2011) and distance was calculated using the Kimura 2-parameter distance model. A phylogenetic tree was built using the neighbor-joining method, including a bootstrap test with 1,000 replications. Biochemical and substrate utilization test. Basic biochemical and substrate utilization tests for strain GB-01 were carried out following Bergey s Manual of Determinative Bacteriology (Holt et al., 1994) . For more precise bio-chemical and substrate utilization profile API 20 NE, ID 32 GN and API 50 CH test strips, for metabolic fingerprints on the Biolog GN2 MicroPlate TM were used according to the manufacturer s instructions. To get better comparison of physiological characteristics, the same analysis was performed with type strains of B. ambifaria LMG 19182 T and B. diffusa LMG 24065 T , the likeliest candidates for strain GB-01 concluded from phylogenetic data.
Whole cell fatty acid profiling. The whole cell fatty acid profiling by fatty acid methyl ester (FAME) analysis was performed on strain GB-01. Briefly, bacterial cells were first streaked on Trypticase Soy Agar (TSA) plate and incubated at 28 C for 24 h. Cellular fatty acids were extracted as methyl esters according to Miller and Berger (1985) . Since the growth conditions can greatly affect the fatty acid composition of bacteria (Rose, 1989) , a standardized system, the MIDI Sher- lock Microbial Identification System (Sasser, 2001 ) for cell culture, fatty acid extraction and analysis was adopted. To provide a more precise analysis, the fatty acid profiles of only those Burkholderia species collected from literature, that were obtained by using MIDI system were included in comparison.
Whole genome G+C mol% determination. Whole genome DNA base composition (G+C mol%) was determined using a high performance liquid chromatography (HPLC) method. In brief, genomic DNA was enzymatically digested into nucleosides by P1 nuclease and bovine intestinal mucosa alkaline phosphatase. Different nucleosides were then separated by HPLC (Mesbah et al., 1989) and the relative amount of nucleosides was calculated as G+C mol%.
Whole genome DNA-DNA hybridization. The strain GB-01 was subjected to DNA-DNA hybridization analysis with its most closely related Bcc type strains, i.e. B. ambifaria LMG 19182 T and B. diffusa LMG 24065 T , using the fluorometric method (Ezaki et al., 1989) . The hybridization values obtained are the average of 6 hybridization experiments (3 normal and 3 reciprocal).
Results and Discussion
In this study, different types of identification techniques were used for the identification of strain GB-01. Some of the techniques were identification oriented, i.e. biochemical tests and whole cell fatty acid profile, which were mainly intended to describe if strain GB-01 was related to any other previously described species. Other techniques were classification oriented, i.e. phylogenetic analysis of 16S rRNA and recA gene, in which results gave an estimation of the relationship between strain GB-01 and other related species. It is obvious that the resolution of the techniques used differs, so we will describe our results from lower resolution techniques to higher resolution techniques.
Biochemical and substrate utilization characteristics of strain GB-01
The API (bioMérieux, France) and Biolog GN2 MicroPlate TM (Biolog, Inc., USA) identification systems are very popular and the most commonly used commercial identification systems for bacteria. All of these commercial identification systems gave a formal identification for strain GB-01, suggesting that it is a Bcc species. Though these systems did not give precise These results reveal the great similarity of strain GB-01 with both of its closest suspects. However, the negative result for adonitol acidification differentiates strain GB-01 from both of the type strains in comparison, indicating the biochemical diversity of strain GB-01.
Whole cell fatty acid profile of strain GB-01
The whole cell fatty acid profile is an important chemotaxonomic character of bacterial identification (Tornabene, 1985) . Almost all of the validly published Burkholderia species can be described on the basis of their whole cell fatty acid profiles. The comparison of fatty acid profiles of strain GB-01 with some type strains of genus Burkholderia and other closely related genera, expressed as relative abundance (%), is shown in Table 3 . Krejci and Kroppenstedt (2006) and Sheu et al. (2013) . ** It was detected as Summed feature 3, that may comprise C 15:0 iso 2OH, and/or C 16:1 ω7c, and/or C 16:1 ω6c or any combination of these. In the case of Burkholderia species, it usually corresponds to C 16:1 ω7c.
a ND stands for Not determined.
The MIDI system also identified strain GB-01 as a member of the Burkholderia cepacia complex species. However, it did not give clear evidence about the classification of strain GB-01. The high % of 18 0 fatty acid (5.1%) indicated that GB-01 should be closely related to B. vietnamiensis, because 3% value for this fatty acid is a typical characteristic of B. vietnamiensis species (Krejci and Kroppenstedt, 2006) . However, phylogenetic analysis of 16S rRNA and recA genes (discussed below) of strain GB-01 illustrated its close relationship with B. ambifaria and B.diffusa rather than B. vietnamiensis. It has already been reported that the comparison of identification results obtained with whole cell fatty acid analysis for Bcc species revealed several discrepancies and a poor discrimination among most of the Bcc members (Vanlaere et al., 2008a) , though the method is proven good for genus level identification. So, the whole cell fatty acid profile analysis for strain GB-01 becomes questionable in our study.
G+C mol% of strain GB-01
DNA base composition (G+C mol%) of a bacterium is a genomic characteristic, which is often required for the minimum description of a species. In bacteria it can range from 24% to 76% and it is well accepted that strains within a species can have a range of 3% difference, while species within the same genus should not differ from one another by more than 10% (Stackebrandt and Liesack, 1993) .
The calculated genomic DNA base composition of strain GB-01 was 65.37%. This value is an average of three independent analysis of the same DNA sample and is consistent with the base composition of other Bcc species (Coenye et al., 2001a, c; Vandamme et al., 2002a; Vanlaere et al. 2008a; Yabuuchi et al., 2000) .
Phylogenetic analysis of 16S rRNA gene
Ribosomal ribonucleic acid (rRNA), especially the 16S rRNA, is considered to be the most suitable phylogenetic marker in bacterial taxonomy, as it provides an estimation of the real evolution history of species under study. The partial 16S rRNA gene sequence of strain GB-01 was amplified, and deposited in GenBank under the accession number FJ793552.
The phylogenetic tree, shown in Fig. 1 , clearly indicates that strain GB-01 is located within the clade of Bcc species, suggesting that strain GB-01 is most closely related to Burkholderia ambiferia and Burkholderia diffusa species. It should be noted that overall 16S rRNA similarity among Burkholderia species is very high. Phylogenetic comparison of the full-length 16S rRNA gene sequence of Bcc species can distinguish all the formally named species (Coenye and Vandamme, 2003a) . However, partial 16S rRNA gene sequencing is not sufficiently discriminatory to resolve all the species, as the gene is 98% identical for the members of Bcc (Mahenthiralingam et al., 2008) . These facts suggest that the sequence information from other phylogenetic markers is required to support the phylogenetic relationship.
Amplification of recA gene fragments from strain GB-01
Because of the limitation of the 16S rRNA-derived phylogenetic tree, another common phylogenetic marker, the recA gene, was amplified using different primers to verify the phylogeny of strain GB-01. The primer pair BUR1/BUR2 successfully amplified a recA gene fragment of 846 base pairs (bp), BUR3/BUR4 amplified a fragment of 365 bp and BCR1/BCR2 amplified a fragment of 963 bp. However, the primer pair BCRGC1/BCRGC2 failed to amplify any DNA fragment from strain GB-01, even when the PCR annealing temperature dropped to 50 C. Amplified sequences were submitted to GenBank under the accession numbers GU302244, GU302245 and GU302246, respectively. The sequence data obtained was subjected to BLAST search, which confirmed that all of these amplified products are recA gene fragments.
The amplification of the recA gene fragment using primers BCR1/BCR2 further confirmed that strain GB-01 is a member of Burkholderia cepacia complex species, because this primer can amplify the recA gene from Bcc species only (Mahenthiralingam et al., 2000b) . Failure of primers BCRGC1/BCRGC2 to amplify the recA gene fragment from strain GB-01 indicated that it does not belong to Burkholderia ambifaria species, because it is B. ambifaria species-specific primer (Coenye et al., 2001b) .
Phylogenetic analysis of recA gene
recA gene sequences of related Burkholderia species were collected from GenBank, covering most of the species in genus Burkholderia. The recA gene sequences from Bordetella pertussis and Pandoraea pulmonicola were used as an out-group. Since correct sequence alignment is crucial for genetic distance calculation, all of the DNA sequences were first translated to protein sequences and were aligned using MEGA4 software. The aligned protein sequences were then edited manually to remove positions that cannot be aligned unambiguously. The aligned protein pattern was then back translated into the original recA DNA sequences for calculation of the genetic distances. Genetic distances were calculated using the Kimura 2-parameter DNA substitution model. The tree was constructed by the Neighbor-Joining (NJ) algorithm with a bootstrap test of 1,000 replications, shown in Fig. 2 .
The general topology of the recA-derived tree (Fig.  2) is very similar to the 16S rRNA-derived tree (Fig. 1) , except that the overall genetic distance calculated is higher. This indicates that the evolutionary rate of Burkholderia recA genes is higher than that of 16S rRNA genes, which makes the recA gene more suitable for evolutionary comparison among closely related species. The members of Bcc species can be clearly differentiated from each other in the dendrogram (Fig. 2) . The recA tree clearly showed that strain GB-01 is a member of Bcc, most closely related to Burkholderia diffusa species.
Whole genome DNA-DNA hybridization
Whole genome DNA-DNA hybridization analysis has long been used for bacterial species delineation. A DNA-DNA hybridization value greater than 70% has been proposed as the level to define bacterial species (Wayne et al., 1987) . Such a hybridization value serves as an essential part in novel species description. It is also the major method that is used to support the division of B. cepacia complex species into different genomovars. Previous studies have revealed that Bcc species share moderate levels of DNA-DNA hybridization (30 60%) (Coenye et al., 2001c) .
Strain GB-01 showed approximately 63% and 72% DNA-DNA hybridization value with Burkholderia ambifaria LMG 19182 T and Burkholderia diffusa LMG 24065 T , respectively. The mean value obtained between strain GB-01 and Burkholderia diffusa LMG 24065 T is higher than the recommended 70% level for species delineation. So, under the current bacterial species concept, strain GB-01 should be defined as an atypical strain of the Burkholderia diffusa species.
Conclusion
The current study elaborates the taxonomic position of strain GB-01. In the classification aspect, it is clear that strain GB-01 is a member of Burkholderia cepacia complex (Bcc) species; however detectable differences are present in the results of most of our experiments, i.e. substrate utilization tests, fatty acid profiling tests, 16S rRNA gene phylogenetic analysis. The whole genome DNA-DNA hybridization analysis gives a final conclusion that strain GB-01 should be classified as an atypical strain of the Burkholderia diffusa species. However, more than 80% DNA-DNA hybridization values were observed among strains within clearly distinct Bcc species (Vanlaere et al., 2008a,b) , although the universally accepted threshold value to delimit species is 70%. Therefore the chances should not be overlooked that strain GB-01 may be a novel species within the Burkholderia cepacia complex species.
